Today, dental caries is regarded as a preventable non-communicable disease (NCD) that affects a majority of the population across their lifespan. As such, it shares a number of behavioural, socio-economic, and lifestyle factors with other NCDs, such as overweight and diabetes, and should be subjected to a similar model of chronic disease management. Caries prevention has traditionally relied on fluoride exposure, diet control, thorough oral hygiene, and antibacterial measures. Prevention of caries as an NCD does certainly not disqualify these methods, but brings them into a new context. This conference paper provides a brief review on how common preventive measures can interfere with the drivers of dysbiosis and promote the growth of health-associated clusters in the oral microbiome. Besides the established routines of regular toothbrushing with fluoride products, there is an opportunity for additional technologies, based on ecological principles, to address and modify the oral biofilm. Methods to reduce dietary sugar intake, slow down plaque metabolism, and support saliva functions should be further developed and investigated in terms of efficacy, compliance, and cost-effectiveness. Furthermore, biofilm engineering through preand probiotics early in life to support microbial diversity seem promising in order to obtain a sustained caries-preventive effect.
In spite of decades of significant decline, caries remains a global public health burden. It is estimated that around 44% of all people worldwide are suffering from untreated caries in primary and permanent teeth (1) . It is therefore obvious that the focus and efforts on effective caries prevention and non-restorative caries management must be intensified. The overarching question for the cariology theme of the Nordisk Odontologisk Fo¨rening (NOF) Centennial Symposium was 'Can caries be eradicated?' The short and simple answer is unfortunately 'no' because caries is not a classical infectious disease that can be combatted by killing specific pathogens (2) . All species of microorganisms associated with dental caries share an acidogenic and acid-tolerant phenotype (3) but there are no specific 'pathogens' that fulfil KOCH's postulate and are diagnostic for the disease. Species commonly denoted as caries 'pathogens', such as Streptococcus mutans, are frequently present also in caries-free subjects and comprise <1% of the total bacterial community isolated from caries lesions (4) . Recent advances concerning the role of the oral microbiome in health and disease have provided insights into the various ecological events that act as drivers to shift the oral microbiota from symbiotic balance to fatal dysbiosis (Fig. 1) . The composition of the oral microbiome is individually unique and diverse; a healthy person is, on average, colonized by around 200 out of more than 700 different species hitherto recovered from the oral cavity (5) . Once established, the resident oral microbiota is fairly stable and resilient to exogenous encounters (2) . This stability can, however, be lost when environmental stress factors overrule resilience. For caries, the drivers of dysbiosis are linked not only to bacterial acid production but also to other biological and non-biological factors, such as age, genetics, lifestyle, behaviour, diet, and socio-economy (6, 7) . Thus, the FDI World Dental Federation has denoted caries as a non-communicable disease (NCD) that shares risk factors with many other NCDs, in particular overweight and diabetes. The established caries-preventive measures must therefore be understood in a new and wider context in order to improve their efficacy, compliance, and cost-effectiveness. Some of these common risk factors, such as socio-economy and health literacy, are clearly beyond the influence of dental professionals, while others are manageable but may be underutilized. The aim of this brief conference paper is to review the influence of some commonly used preventive technologies on the composition of the oral microbiome so that a symbiotic homeostasis can either be maintained (primary prevention) or restored (secondary prevention). The focus is on methods currently available for the general practitioner and therefore emerging and promising technologies mainly applied in polymicrobial biofilm models are not considered.
Clinical measures to interfere with the drivers of dysbiosis
There are a number of self-applied and professional strategies available for patients and clinicians to restore, or maintain, a healthy oral microbiome (Fig. 2) . The most important lifestyle-related measures are sugar reduction and regular oral hygiene. The main biological avenues are the use of metabolic inhibitors, pH-increasing supplements, salivary enhancement, and biofilm engineering through pre-and probiotics. The possible effects on the oral microbiota and caries activity are elaborated below and summarized in Table 1 .
Sugar reduction
The main driver of caries-related dysbiosis is excessive intake of fermentable carbohydrates (7) . With a 'normal' (or low-sugar) diet, commensal bacteria do metabolize carbohydrates, and acids are produced but the pH is quickly restored by the physiological mechanisms in the mouth. When sugars are consumed frequently and in high amounts, the ecological balance can be broken: clusters, or consortia, of previously commensal acidogenic and aciduric strains are ecologically favoured to appear in critical thresholds that may become virulent (8, 9) . This detrimental effect of sucrose on caries activity was firmly established in the controversial series of papers from the Vipeholm hospital back in the 1950s (10) and this relationship seems to remain, even in today's era of daily fluoride exposure (11) . Based on a systematic review of 54 studies on sugar and caries risk (12) , the World Health Organization (WHO) has issued a strong recommendation to limit the intake of free sugars to less than 10% of the total energy intake, with the purpose to prevent overweight and dental caries throughout life (13) . This corresponds to a daily intake of free sugars of <50 g per day, depending on the type of sugar. Free sugars are monosaccharides and disaccharides added to food and beverages by the manufacturer, cook, or consumer, as well as natural sugars in honey, syrups, and fruit juices (14) . The 10% level was obtained mainly from cohort studies and the quality of evidence was graded as moderate. There are also data from ecological studies to suggest a further reduction of free sugars to less than 5% of the total energy, but this WHO recommendation was conditional (13) . With a sugar intake below 5%, it was considered very unlikely that any caries lesions would develop, even in the total absence of fluoride.
A sugar-rich diet is thought to promote the accumulation of acidogenic and acid-tolerant bacterial species and enhance their protection in extracellular matrix (15) . However, as yet there are no prospective studies in humans that have investigated the impact of sugar reduction on the composition of the oral microbiome over time and our own cross-sectional data are somewhat inconclusive. In one study, we failed to unveil a significant impact of the general diet on the microbial profile of mixed saliva (16) , while another compared the microbial profiles in plaque and saliva from healthy subjects with intake of free sugars corresponding to either less than or more than 5% of the total energy intake (17) . It was found that the amount of ingested sugars only had a marginal influence on microbial profiles in dental plaque and saliva, although some caries-associated species were less abundant in the dental plaque of the low-sugar group (17) . Apart from studies with various sugar substitutes, there are no randomized controlled trials that actually demonstrate the clinical efficacy of sugar reduction on caries activity in children and adults. There is, however, some indirect evidence to support that reducing the intake of free sugar has a positive effect on caries reduction. For example, marked reductions in caries over a 5-yr period were observed in Iraqi children when United Nations (UN) sanctions reduced the availability of sugar in the population (18) . In addition to sucrose, starch has been denoted as a significant dietary stress factor for oral biofilms because of its retentive nature. The metabolism of cooked and processed starch particles, in particular, can yield a prolonged acidic challenge in fissures and interdental sites vulnerable for caries development (9) .
The task to reduce sugar intake in populations and among caries-active patients is crucial, but difficult. Hereby, dental personnel face the same challenges as any health professional dealing with behaviour changes and NCDs. It is notable that that the message of healthy eating and sugar reduction is actually identical for caries, overweight, and diabetes. This message should therefore be harmonized and delivered with one voice by all supportive structures around the patient according to the chronic disease management model. The adoption and integration of both upstream and downstream prevention is required with coordinated actions at national, community, and clinic levels. In developed countries, to achieve the recommended upper threshold level of free sugar intake of 10% of total energy intake, total sugar consumption needs to be reduced by an average of one-third across all age groups (13) . There is no single method to reduce sugar intake that works for all patients but the best evidence so far comes from motivational interviewing and face-to-face counselling (19) . Such structured motivational interviews, involving decisions about oral health in the context of life circumstances, have been proven to be particularly effective in family settings for the prevention of childhood caries (20) .
Oral hygiene
Host and behavioural factors, such as age, smoking, and neglected oral hygiene, can lead to systemic changes associated with a disrupted oral ecosystem. Regular and gentle mechanical disruption is considered to be important for maintaining a healthy biofilm and preventing the development of a mature community, particularly at plaqueretention sites (21) . The composition of the oral biofilm changes with time after oral hygiene (22) and with proper and regular twice-daily toothbrushing, the oral microbiome is likely to be maintained in a beneficial state (23) . It should, however, be underlined that previous concepts of plaque eradication or meticulous plaque control are no longer in focus for caries management. Appropriate oral hygiene is, without doubt, central for biofilm control but it is also evident from systematic reviews that mechanical plaque measures per se, without fluoride, are not effective for the prevention and management of dental caries (24) .
Metabolic inhibitors
Biofilm acid production is responsible for the low-pH condition that foregoes the ecological imbalance of the oral microbiota. There is strong evidence to support the presence of fluoride-containing deposits, or reservoirs, in the oral biofilm for controlling the caries process. It is well known that fluoride has the capacity to influence the balance between de-and remineralization but it can also hamper acid production from saccharolytic bacteria through the formation of calcium fluoride reservoirs in the biofilm matrix (7). The primary mechanism of action of intracellular fluoride is inhibition of the enzyme enolase, which is needed to catalyse the breakdown of disaccharides to lactic acid (25) . Fluoride can also interfere with transport of sugar through the cell wall by blocking the phosphotransferase system (26) . The deposition of fluoride reservoirs in the oral biofilm is dose-dependent; thus, the higher the fluoride concentration, the larger the number of calcium fluoride-like reservoirs that are formed. The use of high-fluoride toothpastes, rinses, and varnishes will therefore result in significantly elevated and sustained levels of fluoride in saliva and in the liquid and solid phases of the dental biofilm (27, 28) . A model simulation has shown that the shift from a healthy oral microbiome to dysbiosis can be prevented by keeping the pH of the biofilm at >5.5, corresponding to a reduction of metabolic activity in the biofilm of 10% (29) . Clinical studies verifying this are still lacking but it is highly likely that any measure Measures to prevent caries that counteracts low-pH conditions in oral biofilms is beneficial for oral health.
Xylitol is another important player with the ability to reduce acid production from oral biofilms. As this sugar alcohol is discussed in a separate paper in this issue of the European Journal of Oral Sciences, its mechanism of action will not be examined further here. Although a reduction of mutans streptococci following exposure to high concentrations of xylitol (>6 g d À1 ) has been proposed, the possible effect on the total composition of the oral microbiota is unclear and needs to be evaluated further (30) .
Saliva-enhancing strategies
Saliva secretion plays an important role in preventing dysbiosis and maintaining health in the oral cavity. Apart from the mechanical cleansing and pH-buffering capacity, human saliva contains a wide range of mucins, glycoproteins, enzymes, salts, immunoglobulins, and antimicrobial peptides that contribute to biofilm stability and control (6, 31) . Impaired saliva functions as a result of aging, systemic medical conditions, polypharmacy, and/or chemo-and radiotherapy are commonly associated with biofilm dysbiosis and overgrowth of candida species (2) . Although the factors that stimulate saliva secretion are obvious, in practice it is difficult to induce salivary flow; topical measures such as increased water consumption, regular use of chewing gums, and saliva substitutes can increase saliva production in patients with residual secretory capacity although the quality of evidence is graded as low (32) . The inclusion of enzymes and moisturizers in oral care products may, however, alleviate subjectively perceived symptoms of dry mouth and support biofilm stability. For example, a 14-wk use of fluoride toothpaste supplemented with lysozyme, lactoferrin, and proteins generating hydrogen peroxide and hypothiocyanite can alter the composition of saliva by increasing the proportion of bacteria associated with gum health and decreasing the proportion of bacteria associated with disease (33). However, whether a similar shift takes place with respect to caries in caries-active patients remains to be investigated.
Antibacterial strategies
As mentioned above, it is clear that the oral microbiota actively contributes to the maintenance of health and the use of antibacterial strategies has therefore been reconsidered in recent years. The ecological disruption of the microbiome resulting from treatment with broad-spectrum antibacterials may result in secondary infections, recolonization of opportunistic bacteria, and/or other negative clinical consequences. The use of antibacterial agents to control plaque accumulation and selectively kill pathogens by chemical means has a long tradition in dentistry. Chlorhexidine (CHX) remains the gold standard, although the possible long-term effects of this agent on oral biofilms are largely unknown. There is evidence that CHX in rinses, gels, and varnishes has a positive effect on gingivitis but its role in the prevention and control of crown and root caries is inconclusive (34, 35) . The transient suppression of salivary mutans streptococci following CHX regimes is undisputable (36) but with the current understanding of caries, this is not the same as successful management of the disease. It has been proposed that antimicrobial agents in oral care products should only be present in sublethal concentrations that may slow down bacterial growth and sugar metabolism, and inhibit matrix formation (2). Consequently, bacteriocidal concentrations of broad-spectrum antibacterial agents should only be advocated for short-term use as adjunct to mechanical plaque control.
The use of targeted antimicrobial peptides for selective killing of S. mutans has been proposed as an alternative approach to re-establish a balanced oral microbiota for long-term caries protection (37, 38) . Preliminary studies have indicated that incorporation of antimicrobial peptides in mouthrinses (and similar concepts) can reduce S. mutans counts in plaque and saliva with minimal impact on total biofilm composition (39, 40) . However, bearing in mind the discrete role of S. mutans in the caries process, the clinical effect of such targeted antimicrobial technologies is likely to be limited.
The unexpected return of 38% silver diamine fluoride (SDF) to the therapeutic palette for caries management is notable. Recent systematic reviews have supported the use of SDF to arrest or prevent caries in children and adolescents (41) as well as in root-caries-prone older adults (42) . The solution is topically applied, and the silver ions act directly against bacteria in lesions by breaking membranes, denaturing proteins, and inhibiting DNA replication (43) . As SDF exerts such a strong antibacterial activity, it has been feared that topical treatments would dramatically reduce diversity and thereby enable growth of unwanted, opportunistic pathogens. In contrast to the expectations, MILGROM and coworkers (44) found no significant loss of species diversity and no changes in the relative abundance of bacteria associated with dental caries after topical application of SDF. The findings need to be validated in larger settings but the authors concluded that SDF treatment seemed to pose a minimal risk of unintended systemic effects on the oral microbiome (44).
Pre-and probiotics
Prebiotics are dietary fibres and oligosaccharides that promote the growth and presence of beneficial bacteria, while probiotics are defined as 'live microorganisms which when administered in adequate amounts confer a health benefit on the host' (45) . Studies on prebiotics in the dental context are scarce, except for arginine. Arginine is a semi-essential amino acid that occurs naturally at low concentrations in saliva. Health-associated bacteria in the oral biofilm may act as arginolytic through the arginine deaminase system (ADS), and enhanced ADS activity has been identified in dental plaque from caries-free sites compared with sites with enamel or 22 Twetman dentine lesions (46) . Furthermore, studies on polymicrobial biofilms in vitro (47, 48) , as well as in vivo, have shown that the addition of arginine to the biofilm models and to fluoride toothpaste can increase the ADS activity, raise biofilm pH, and shift plaque microbial profiles to a microbial community similar to that found in caries-free individuals (49, 50) . A meta-analysis of seven clinical trials demonstrated a synergistic effect of arginine, when used in conjunction with fluoride, on early coronal and root caries compared with placebo or fluoride alone (51) . The level of evidence was, however, downgraded because of industrial involvement and/or potential publication bias. Another interesting aspect with respect to prebiotics is breastfeeding. Mothers' milk contains around 7% carbohydrates, mainly lactose, but is also rich in complex prebiotic oligosaccharides. Systematic reviews have concluded that breastfeeding during the first year of life can protect against caries in early childhood and that breastfed infants are four times less affected by caries than bottle-fed children (52, 53) . On the other hand, prolonged breastfeeding (>12 months) was associated with increased risk of caries when compared with bottle-fed children (53) .
The use of probiotic bacteria to combat biofilm symbiosis has grown in recent years, especially among preschool children (54) . Probiotics are regulated as food additives, and the main natural vehicles of administration are dairy products, fermented vegetables, and sourdough bread. In addition, drops, tablets, and lozenges containing various strains of lactobacilli and/or bifidobacteria have been produced and marketed for general and oral health. The detailed mechanisms of action are not fully clear but an array of direct effects in the oral biofilm (co-aggregation, competitive competition, and exclusion) and systemic immune-modulating effects are involved (55) . Numerous clinical trials have shown that probiotic therapy can selectively reduce the counts of oral mutans streptococci (56) , while studies on the effect on the composition of the oral microbiome are scarce. Interestingly, however, DASSI et al. (57) demonstrated a statistically significant increase in overall bacterial diversity in saliva from individuals who received fermented milk containing three different strains of probiotic bacteria. Furthermore, a shift in the oral microbiota has been demonstrated after a 12-wk supplementation of two strains of Lactobacillus reuteri with increased levels of friendly non-mutans streptococci, in parallel with reduced counts of S. mutans, Fusobacterium spp. and Prevotella spp. (58) . In contrast, TOIVI-AINEN et al. (59) failed to unveil any major impact on the oral microbiome after a 4-wk intake, in healthy adults, of lozenges containing Lactobacillus rhamnosus and Brevibacillus brevis. The contrasting findings may partly be explained by the different molecular technologies and sequencing platforms used in these studies, and further investigations of the oral microbiome are needed to gather evidence on the impact of probiotic supplements on microbial diversity and composition. So far, there are 10 randomized placebo-controlled trials available on probiotic therapy with caries as the end point -seven in preschool children, two in adolescents, and one in adults focussing on root caries reversal (54) . The studies exhibited a varying risk of bias, but interestingly all pointed in the same direction, with an average caries-prevented fraction of 33% in preschool children (60) . The best, and most consistent, findings come from trials in which probiotic supplements are given to toddlers and preschool children. This may be explained by the fact that the possibilities to influence the composition of human biofilms are greatest during the first 1,000 d of life according the 'first come, first served' principle (61) . Although there is not yet enough evidence for general recommendations, probiotic therapy for the maintenance of oral health is hitherto the most advanced of the emerging concepts in terms of clinical caries trials.
Concluding remarks
Although caries cannot be eradicated, it is important to stress that the later stages, in particular dental cavities, are preventable. The caries process is a continuum and, in most cases, is slow enough for appropriate nonrestorative management without fillings (7) . There is increasing evidence to suggest that lesion development derives from a dysbiotic state of the oral microbiome and therefore broad-spectrum antimicrobial therapies and strategies that selectively target specific bacteria display limited effectiveness. Besides the established evidencebased oral-care routines of regular toothbrushing with fluoride products, additional measures based on ecological principles are available for the general clinician to address biofilm dysbiosis. Methods to reduce sugar intake, slow down plaque metabolism, and enhance saliva functions should be further developed and investigated in terms of efficacy, compliance, and costeffectiveness. Furthermore, biofilm engineering early in life, through the use of pre-and probiotics, to support acquisition of a balanced microbiome, seems a promising approach to obtain a long-term caries-preventive effect.
